An experimental study of the magnetic ordering of the proton spin system in Ca(OH)2 is presented. The ordered phase is reached via dynamic nuclear polarization followed by an adiabatic demagnetization in the rotating frame. The spin temperature is negative while the external magnetic field is parallel to the crystalline c-axis. Measurements of the magnetization parallel to the effective magnetic field are used to determine the magnetic phase of the nuclear spin system. From a measurement of the energy of the nuclear spin system as a function of the entropy, the nuclear spin temperature is derived. The phase transition is found to occur at -0.9 03BCK, which is in good agreement with the theoretical prediction of the molecular field approximation.
Nuclear spins interacting via dipole-dipole interactions show a phase transition to a magnetically ordered state at a temperature ouf the order of 1 ...,K. This extremely low temperature is reached using a multi-step cooling process introduced by Abragam and coworkers [1, 2] and used later by Marks et al. [3] to create a ferromagnetic ordering of the proton spins in Ca(OH)2. First, the sample is cooled by cryogenic methods to about 0.5 K and placed in a strong magnetic field. Then, the nuclear spin system is cooled further to about 2 mK by means of Dynamic Nuclear Polarization (DNP) [4, 5] . Finally, an Adiabatic Demagnetization in the Rotating Frame (ADRF) [4] brings the temperature of the nuclear spin system below the transition temperature.
This paper concems an experimental study of the ordering of the proton spins in Ca(OH)2, which has the crystal structure shown in figure 1 . This hexagonal structure is of the CdI2-type, with space symmetry group D 3 -P3m. The unit cell were determined by neutron diffraction at low temperatures [6] . The protons are arranged in almost two dimensional layers. The arrangement of the protons in these layers is shown in figure 1 b. The proton-proton distance in the layers is 2.186 Á, while the distance between the layers is 4.880 Á.
In order to describe the proton spin system of Ca(OH)2 during and after the ADRF, we use a frame of reference with its z-axis parallel to the external static magnetic field. The ADRF is performed using a saturating rf-field 2 BI cos w t, which is oriented in the xy-plane. Then, the nuclear spin system is in thermal equilibrium if our frame of reference rotates about the z-axis with the frequency w of this rf-field. In Directly after this ADRF, the nuclear spin system is still in internal thermal equilibrium in the rotating frame of reference. So it is described by a density matrix :
where T = h/kf3 is the temperature of the nuclear spin system after the ADRF, while k is Boltzman's constant.
In our experiments 4 « 0 at the beginning of the ADRF, so this final temperature is also negative. Furthermore, the externally applied static magnetic field is oriented parallel to the crystalline c-axis. According to the experiments of Sprenkels et al. [7] , the proton spins then order as a longitudinal ferromagnet with a domain structure. There are two types of domains, in one the polarization of the proton spins is parallel to the externally applied static magnetic field, in the other anti-parallel. I.e. in one type it is parallel and in the other anti-parallel to the crystalline c-axis. Furthermore, the domains have a flat pancake-like shape, with the planes of the domains perpendicular to the crystalline c-axis, so each domain consists of a large number of adjacent layers of proton spins of the type shown in figure lb.
We studied this ferromagnetic ordering more elaborately by measuring the properties of the ordered spin system as a function of its entropy. We present measurements yielding the transverse susceptibility y, and of the parallel magnetization p, = (Iz) II as a function of the longitudinal effective field A The results are interpreted using the restricted trace approximation [8] as elaborated for the case of the magnetic ordering of the proton spins in Ca(OH)2 by van Velzen et al. [9] . Thus, we determine the magnetic phase of the nuclear spin system as a function of its entropy.
Subsequently, we show measurements of the energy of the nuclear spin system as a function of its entropy. From these results, the nuclear spin temperature is calculated. Then, the magnetic phase being known from the previous experiment, the critical temperature, where the transition to the ferromagnetic phase occurs, is determined.
Experiments.
Our experiments are performed on a cylindrically shaped single crystal of Ca(OH)2, with a diameter of 3.78 mm and a length of 0.18 mm, while the axis of the cylinder is oriented parallel to the crystalline c-axis. For the DNP, the sample is irradiated with a 1.5 MeV electron beam creating 02 -centres, at a concentration of 6 x 10-5 centres per proton, [10] . The sample is cooled to 0.5 K using a 3He evaporation cryostat. A superconducting solenoid created a magnetic field of 2.73 T along the crystalline c-axis. The proton spins are polarized by means of DNP using 75 GHz microwave irradiation. Subsequently, the external magnetic field is raised to 5.63 T in order to reduce the spin-lattice relaxation rate. Finally, an ADRF is performed as described in the previous section and in such a way that the final temperature is negative.
2.1 THE ENTROPY. -All the properties of the nuclear spin system are measured for four values of the nuclear polarization po before the ADRF, which is determined from the area mo of the observed NMR absorption signal u() [4] : using the method of reference [11] ] to determine the factor g for our cylindrical sample.
The entropy S of the proton spin system is almost completely conserved during the ADRF. We note that the theoretical results are very detailed, while the experimental accuracy is limited. The accuracy of pZ is mainly determined by our previous determination of the calibration factor g and is about 1 % [ 11 ] . However, the accuracy of à is much less, because the externally applied magnetic field drifts slowly. Therefore, before each ADRF, we determined the frequency yB° of the rf-field for which 4 = 0. This determination is performed by recording the NMR line of the polarized proton spins and by fitting yB° in such a way that the ratio of the moments m° and ml of this NMR line corresponds to the value given in reference [11] . As can be seen from that reference, the accuracy of this procedure is about 0.5 kHz.
As a result, our experiments are not precise enough to show the possible existence of the predicted antiferromagnetic phase. However, in a previous paper [9] , we analysed an earlier experiment of Sprenkels [7] which was performed at a higher value of p ° = 0.70. This analysis showed that the antiferromagnetic phase does not occur. As an explanation, we proposed that the spin system, which passes through the ferromagnetic phase during the ADRF, remains frozen in that phase when 4 = 0.
Hence, we conclude that all data points in figure 2a concern the paramagnetic phase, while those in figures 2c and 2d concern the ferromagnetic phase. The scatter in the datapoints in figure 2b is too large to draw any conclusions. From figures 2c and 2d, we also see that, for the ferromagnetic phase, the slope of our experimental curve for Pz versus 4 corresponds well with the theoretical prediction of the restricted trace approximation. But figure 2a shows that, for the paramagnetic phase, the experimentally found slope is less than predicted theoretically. As [9] .
From the measurements of the dipolar energy versus the entropy we determined the dipolar temperature after the ADRF. Combining these results with those for the parallel polarization, we have determined the experimental value of the critical temperature. It corresponds very well to the value predicted by the restricted trace approximation.
